Unified Model for Inflation and Dark Energy with Planck-Scale
  Pseudo-Goldstone Bosons by Masso, Eduard & Zsembinszki, Gabriel
ar
X
iv
:a
str
o-
ph
/0
60
21
66
v2
  7
 A
pr
 2
00
6
UAB-FT-596
Unified Model for Inflation and Dark Energy
with Planck-Scale Pseudo-Goldstone Bosons
Eduard Masso´ and Gabriel Zsembinszki
Grup de F´ısica Teo`rica and Institut de F´ısica d’Altes Energies
Universitat Auto`noma de Barcelona
08193 Bellaterra, Barcelona, Spain
(Dated: January 2, 2018)
Abstract
We present a model with a complex and a real scalar fields and a potential whose symmetry is
explicitly broken by Planck-scale physics. For exponentially small breaking, the model accounts for
the period of inflation in the early universe and for the period of acceleration of the late universe.
PACS numbers:
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I. INTRODUCTION
In spite of the fact that the standard model of elementary particles based on the gauge
group SU(3)×SU(2)×U(1) is able to accommodate all existing empirical data, few people
believe that it is the ultimate theory. The reason is that the standard model leaves unan-
swered many deep questions. In any case, evidence (or disproval) of this belief can only
be given by experiment. If we are able to discover a theory that indeed goes beyond the
standard model, it will probably contain new symmetries. The global symmetries valid at
high energies are expected to be only approximate, since Planck-scale physics breaks them
explicitly [1, 2]. Even if the effect is probably extremely small, it may lead to very interesting
effects. As has been discussed in [3], when a global symmetry is spontaneously broken and
we have such a small explicit breaking the corresponding pseudo-Golstone boson (PGB) can
have a role in cosmology. The focus in [3] was to show that the PGB could be a dark matter
constituent candidate.
In the present paper we will rather be concerned with the periods of acceleration in the
universe, namely with inflation in the very early universe and with dark energy dominance in
the late stages in the evolution of the universe. Recent observational evidence for these two
periods come mainly from the use of Supernovae as standard candles [4], cosmic microwave
background anisotropies [5], galaxy counts [6] and others [7]. Of course, the physics behind
the two periods that are so distant in time may be completely unrelated. However, an
appealing possibility is that they have a common origin. An idea for this kind of unification
has been forwarded by Frieman and Rosenfeld [8]. Their framework is an axion field model
where we have a global U(1)PQ symmetry spontaneously broken at a high scale and explicitly
broken by instanton effects at the low energy QCD scale. The real part of the field is able
to inflate in the early universe while the axion boson could be the responsible for the dark
energy period. The authors of that work [8] compare their model of quintessential inflation
with other models of inflation and/or dark energy. We would like to show here that our model
of Planck-scale broken symmetry offers an explicit scenario of a quintessential inflation.
In our model, we have a complex field Ψ that is charged under a certain global U(1)
symmetry, and in the potential we have the following U(1)-symmetric term
V1(Ψ) =
1
4
λ[|Ψ|2 − v2]2 (1)
where λ is a coupling and v is the energy scale of the spontaneous symmetry breaking (SSB).
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We do not need to know the details of how Planck-scale physics breaks our U(1). It is
enough to introduce the most simple effective U(1)-breaking term
Vnon−sym(Ψ) = −g 1
Mn−3P
|Ψ|n (Ψe−iδ +Ψ⋆eiδ) (2)
(n > 3). Here, M2P ≡ G−1N , and the coupling g is expected to be very small [9]. The
term vanishes when MP → ∞, as it should be. Previous work on explicit breaking of
global symmetries can also be found in [10], and related to Planck-scale breaking, in [11].
Cosmological consequences of some classes of PGBs are discussed in [12].
Let us write the field as
Ψ = φ eiθ/v (3)
We envisage a model where φ, the real part of Ψ, is the inflaton and the PGB θ, the
imaginary part of Ψ, is a quintessence field. In the proces of SSB at temperatures T ∼ v
in the early universe, the scalar field φ develops in time, starting from φ = 0 and going to
values different from zero. A suitable model we will employ is the inverted hybrid inflation
[13, 14], where one has a new real field χ that assists φ to inflate.
The new scalar field is massive and neutral under U(1). We shall follow ref.[14] and couple
χ to Ψ with a −Ψ∗Ψχ2 term. More specifically we introduce the following contribution to
the potential
V2(Ψ, χ) =
1
2
m2χχ
2 +
(
Λ2 − α
2|Ψ|2χ2
4Λ2
)2
(4)
Here α is a coupling and Λ and mχ are mass scales. The interaction between the two fields
will give the needed behavior of the real part of Ψ to give inflation. Also, we should mention
that such models of inflation are realized in supersymmetry, using a globally supersymmetric
scalar potential [14].
To summarize, our model has a complex field Ψ and a real field χ with a total potential
V (Ψ, χ) = Vsym(Ψ, χ) + Vnon−sym(Ψ) + C (5)
where C is a constant that sets the minimum of the effective potential at zero. The non-
symmetric part is given by (2), whereas the symmetric part is the sum of (1) and (4),
Vsym(Ψ, χ) = V1(Ψ) + V2(Ψ, χ) (6)
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II. THE MODEL
In this section, we will explain in detail the model introduced in Section I. Our basic idea
is that the radial part φ of the complex scalar field Ψ is responsible for inflation, whereas
the angular part θ plays the role of the present dominating dark energy of the universe.
From now on, we will replace Ψ by its expression given in (3). The symmetric part of the
potential is given by
Vsym(φ, χ) =
1
4
λ[φ2 − v2]2 + 1
2
m2χχ
2 +
(
Λ2 − α
2φ2χ2
4Λ2
)2
(7)
while the symmetry-breaking term is
Vnon−sym(φ, θ) = −2 g φ
n+1
Mn−3P
cos
θ
v
(8)
where the following change of variables θ/v −→ θ/v + δ has been made.
A. Inflation
Let us study, firstly, the conditions to be imposed on our model to describe the inflationary
stage of expansion of the primordial Universe. In order to do this, we will only work with
the symmetric part of the effective potential,
Vsym(φ, χ) = Λ
4 +
1
2
(
m2χ − α2φ2
)
χ2 +
α4φ4χ4
16Λ4
+
1
4
λ(φ2 − v2)2, (9)
which dominates over the non-symmetric one at early times. Here, φ is the inflaton field and
χ is the field that plays the role of an auxiliary field, which is needed to have a sudden end
of the inflationary regime, through a ”waterfall” mechanism. This is important because in
this way we can arrange for the right number of e-folds of inflation and for the right value of
the spectral index of density perturbations produced during inflation, when the cosmological
scales left the horizon. We also note that the φ4χ4 term in Eq.(9) does not play an important
role during inflation, but only after it, and it sets the position of the global minimum of
Vsym(φ, χ), which will roughly be at φ ∼ v and χ ∼M , with M = 2Λ2αv .
The effective mass squared of the field χ is:
M2χ = m
2
χ − α2φ2 (10)
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so that for φ < φc =
mχ
α
, the only minimum of Vsym(φ, χ) is at χ = 0. The curvature of the
effective potential in the χ direction is positive, while in the φ direction is negative. This
will lead to rollover of φ, while χ will stay at its minimum χ = 0 until the curvature in χ
direction changes sign. That happens when φ > φc and χ becomes unstable and starts to
roll down its potential. The mechanism and the conditions to be imposed on our model are
similar to the original hybrid inflation model by Linde [15], so we will follow the same line of
discussion. The main difference between the original model and our case consists in the fact
that here the inflaton rollover is due to its negative squared mass m2φ = −λv2 and it starts
moving from the origin φ = 0 towards the minimum 〈φ〉 ∼ v . MP , so that there is no need
to go to values for φ larger then the Planck scale. The fact that, initially, the inflaton field
is placed at the origin is justified because in the very hot primordial plasma the symmetry
of the effective potential is restored and the minimum of the potential is at φ = 0. So we
expect that, after the SSB, the radial field φ is set at the origin of the effective potential.
However, due to quantum fluctuations, the field may be displaced from φ = 0, such that it
is unstable and may roll down the potential.
As is characteristic for hybrid models of inflation [16], the dominant term in (9) is Λ4.
This is equivalent to writing:
1
4
λv4 < Λ4. (11)
Another requirement is that the absolute mass squared of the inflaton be much less than
the χ-mass squared,
|m2φ| = λv2 ≪ m2χ, (12)
which fixes the initial conditions for the fields: χ is initially constrained at the stable mini-
mum χ = 0, and φ may slowly roll from its initial position φ ≃ 0.
Taking into account condition (11), the Hubble parameter at the time of the phase
transition is given by:
H2 =
8π
3M2P
Vsym(φc, 0) ≃ 8π
3M2P
Λ4. (13)
We want φ to give sufficient inflation, that is, the potential Vsym(φ, 0) must fulfill the slow-roll
conditions in φ direction, given by the two slow-roll parameters:
ǫ ≡ M
2
P
16π
(
V ′sym
Vsym
)2
≪ 1, (14)
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|η| ≡
∣∣∣∣M
2
P
8π
V ′′sym
Vsym
∣∣∣∣≪ 1 (15)
where a prime means derivative with respect to φ. The first slow-roll condition Eq.(14) gives
Λ4 ≫ λ
4
√
π
MP v
3 (16)
and the second slow-roll condition, Eq.(15), gives
Λ4 ≫ λ
8π
M2P v
2. (17)
So, under these conditions, the universe undergoes a stage of inflation at values of φ < φc.
In order to calculate the number of e-folds produced during inflation, we use the following
equation [16]
N(φ) =
∫ tend
t
H(t)dt =
8π
M2P
∫ φ
φend
Vsym
V ′sym
dφ (18)
where φend ≡ φ(tend) = φc marks the end of slow-roll inflation, and prime means derivative
with respect to φ.
Let us study the behavior of the fields φ and χ just after the moment when the field
φ = φc for a period ∆t = H
−1 =
√
3
8π
MP
Λ2
. The equation of motion of the inflaton field, in
the slow-roll approximation, is
3Hφ˙+
∂Vsym(φ, 0)
∂φ
= 0. (19)
In the time interval ∆t = H−1, the field φ increases from φc to φc+∆φ. If we suppose that
φc takes an intermediate value between 0 and v, we can calculate ∆φ using (19)
3H
∆φ
∆t
≃ 3
8
λv3 (20)
where, for definiteness, we set φc ≃ v/2. We finally get
∆φ ≃ 3
64π
λv3M3P
Λ4
. (21)
The variation of M2χ in this time interval is given by
∆M2χ ≃ −
3
64π
λα2v4M2P
Λ4
. (22)
The field χ will roll down towards its minimum χmin much faster than φ, if |∆M2χ| ≫ H2.
Taking into account Eqs.(13) and (22), this condition is equivalent to
Λ4 ≪ 1
16
√
λ
2
αv2M2P . (23)
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In this time interval, χ rolls down to its minimum, oscillates around it with decreasing
amplitude due to the expansion of the Universe, and finally stops at the minimum.
Once the auxiliary field χ arrives and settles down at the minimum, the inflaton field φ
can roll down towards the absolute minimum of the potential, much faster than in the case
when φ < φc, because the potential has a non-vanishing first derivative at that point
∂Vsym
∂φ
= λφ(φ2 − v2)− α2χ2minφ (24)
which we want to be large in order to assure that no significant number of e-folds is produced
during this part of the field evolution. The requirement of fast-rolling of φ is translated into
the following condition
v . MP (25)
(this was obtained considering the equation of motion of an harmonic oscillator with small
friction term 3Hφ˙, and imposing the condition that the frequency ω2 & H2).
B. Dark Energy
Let us now focus on the angular part θ of the complex scalar field Ψ, which we neglected
when discussed about inflation. We want the PGB θ to be the field responsible for the
present acceleration of the universe. For this to happen, we have to impose two conditions
on our model: (i) the field θ must be stuck at an arbitrary initial value after the SSB of V ,
which we suppose is of order v, and will only start to fall towards its minimum in the future;
(ii) the energy density of the θ field, ρ0, must be comparable with the present critical density
ρc0 , if we want θ to explain all of the dark energy content of our Universe. Conditions (i)
and (ii) may be written as
mθ . 3H0 (26)
ρθ ∼ ρc0 . (27)
where H0 is the Hubble constant. Taking into account the expression for the mass of θ
derived in [3], mθ =
√
2g
(
v
MP
)n−1
2
MP , condition (26) becomes
g
(
v
MP
)n−1
.
9H20
2M2P
. (28)
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The energy density of the θ field is given by the value of the non-symmetric part of the
effective potential, Vnon−sym(φ, θ), with the assumption that the present values of both fields
are of order v
ρθ ≃ Vnon−sym(v, v) = g
(
v
MP
)n−1
M2P v
2. (29)
Introducing (29) into (27) and remembering that the present critical energy density ρc0 =
3H2
0
M2P
8π
, we have that
g
(
v
MP
)n−1
≃ 3H
2
0
8πv2
. (30)
Combining (28) and (30) we get
3H20
8πv2
.
9H20
2M2P
(31)
which finally gives
v &
1
6
MP . (32)
This is the restriction to be imposed on v in order for θ to be the field describing dark
energy. Notice that it is independent of n. It is also interesting to obtain the restriction on
the coupling g, which can be done if we introduce (32) into (30) giving
g .
3× 6n+1
8π
H20
M2P
. (33)
Replacing the value for H0 ∼ 10−42 GeV and taking the smallest value n = 4, we obtain the
limit
g . 10−119. (34)
III. DISCUSSIONS AND CONCLUSIONS
In the previous section, we derived the conditions to be imposed on the parameters of our
model in order to give the right description for inflation and dark energy. Let us give here
a numerical example and show the field evolution. In all the figures, we use the following
values for the parameters: v = 0.5×1019 GeV, λ = 10−16, Λ = 9×1014 GeV, mχ = 2.5×1012
and α = 10−6. The tiny value for λ is needed in order to generate the correct amplitude of
density perturbations, δρ/ρ ∼ 2×10−5 [17]. In Fig.1 we display the graphical representation
of the symmetric part Vsym(φ, χ) of the effective potential and in Fig.2 we show the numerical
solution to the system of the two equations of motion of the fields φ˜ = φ/v and χ˜ = χ/M .
We have solved it for the interesting region starting from φ = φc and χ = 0 (because during
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inflation we know that χ = 0 and φ slowly rolls down the potential). We notice that when
χ approaches its minimum, the slow-rolling of φ ceases, and it rapidly evolves towards the
minimum of the effective potential and oscillates around it.
In Fig.3, we plot the number of e-folds N(φ) defined in Eq.(18), as a function of the
inflaton field. The maximum value for φ that we chose is φc, while the minimum value is
≃ 0. The interesting region is the one that gives ”observable inflation”, that is for values of φ
that give N(φ) . 60. This is because N(φ) ∼ 60 corresponds to the time when cosmological
scales leave the horizon during inflation. All what happened before is outside our horizon
and is totally irrelevant at the present time.
A way to confront the predictions of our model with observational data is through the
spectral index ns of density perturbations produced during inflation [7, 18]. The spectral
index is defined in terms of the slow-roll parameters ǫ and η by the relation
ns = 1 + 2η − 6ǫ (35)
and experimental data indicate a value of ns = 0.96 ± 0.02 [5]. We display in Fig.4 the
dependence of the spectral index on the inflaton field φ.
One of our numerical conclusions is that g has to have an extremely small value, as we
see in (34). It says that the effect of Planck-scale physics in breaking global symmetries
should be exponentially suppressed. Let us mention at this point that there are arguments
for such a strong suppression. Indeed, interest in the quantification of the effect came from
the fact that the consequence of the explicit breaking of the Peccei-Quinn symmetry [19] is
that the Peccei-Quinn mechanism is no longer a solution to the strong CP-problem [20].
In ref. [9] it was shown that in string-inspired models there could be non-perturbative
symmetry breaking effects of order exp [−π(MP/Mstring)2]. For Mstring < 1018 GeV, we get
(34). Although we considered perturbative effects, that analysis shows that perhaps the
values (34) leading to θ being quintessence are realistic.
Finally we would like to comment on the possibility that instead of having one field Ψ we
have N fields Ψ1, Ψ2, ... ΨN . We are motivated by the recent work [21] where N inflatons
are introduced. The interesting case is when N is large, as suggested in some scenarios
discussed in [21]. When having N fields, our relations should of course be modified. In the
simple case that the parameters of the N fields are identical, to convert the formulae in
the text to the new case, we should make the following changes: v → N1/2v, Λ → N1/4Λ,
9
g → N−3/2g and λ → N−1λ. This would allow to change the values of the parameters, for
example with large values for N we can have smaller values for v, and so on.
To summarize, our purpose has been to give a step forward starting from the idea of
Frieman and Rosenfeld [8] that fields in a potential may supply a unified explanation of
inflation and dark energy. Our model contains two scalar fields, one complex and one real,
and a potential that contains a non-symmetric part due to Planck-scale physics. We have
determined the conditions under which our fields can act as inflaton and as quintessence.
One of the conditions is that the explicit breaking has to be exponentially suppressed, as
suggested by quantitative studies of the breaking of global symmetries by gravitational
effects [9].
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FIG. 1: The symmetric part of the effective potential, Vsym, as function of the two normalized
fields (φ/v, χ/M)
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FIG. 2: Numerical solution for the system of the coupled equations of motion of the two fields,
φ˜ = φ/v and χ˜ = χ/M . Notice the logarithmic time-scale on the abscise
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FIG. 3: The number N(φ˜) of e-folds of inflation as a function of φ˜ = φ/v
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FIG. 4: (a) The spectral index ns during inflation, as a function of the inflaton field, and (b) just
after the time when φ = φc, as a function of the logarithm of time. In the above figures, the dashed
line is the expected value for ns within experimental errors, delimited by the pointed lines.
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